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ABSTRACT 

The results of an cxpcarincirtal investigation into the variation 
of the shod: wave sl»pe and the extent of the subsonic region behind 
the shook with varying angle of attaok at various 2laoh numbers are 
s’-raarired. All tests are made on & finite 70° cone. The main 
interest is o entered on those Haoh numbers which are lor enough to 
produce detached shocks or for which the possibility of detaohnorrt 
exists for increasing angles of attack. 

The angles of attack far which the investigation is made are 
0°, 5°, 6°, 9°, 12°, and 15°. The Maoh mmftero considered are 1.438, 
1.344, 1.534, 1.857, 1.9GG, and 3.01. 

It is found that, for increasing angles of attack at constant 
'dnoh numbers, the extent of the subsonic region increases behind the 
lower shook and decreases behind the upper shook. A subsonic region 
appears at increased angle of attack for two of the iSaoh numbers for 
whloh the shocks are initially attached* There Is also quite definite 
interaction between th© upper and lower portions of the shock which 
tends to inhibit both the appearance of a subsonic region after the 
shook on the one hand and the disappearance of it on tho other. 
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i. imsoDucnoN 

The general objective of this investigation wee the experimental 
determination of the shock wave shape and its allied characteristics 
duo to the presence of a finite, 70° oane in a supersonic flow at 
various angle# of att&ok. The on in interest woe to be centered on 
detached Shooks and those attached shook# for which there was a possi- 
bility of detaolxaont occurring a# angle of attack was increased, and 
particular interest was to be given to the subsonic regime of flow 
behind the shook. Pressure measurements at the oono surface were not 
to be attempted extensively, but were desired only fear one Mach number 
at tero angle of attack and at a relatively high angle of attaok. 

As far as is known, no previous experimental work has boon done 
on detached shock variations with angle of attaok for three-dimensional 
flow. 3. w. rferschner, (Cf. Ref. 1 j, V. I. Uuirhoad, and Beil Maolixmoo, 
(Cf . Ref. 2 j t have previously investigated detached shock wave shapes, 
Raoh nisabcr behind the shock, and pressure distribution for similar cones 
throughout tho same range of ISaoh numbers at sere angle of attack. This 
investigation was intended to oarry their work one step further. 

Since theoretical study of the detached shook phenomenon has not 
yot progressed to the point whore a prediction of the bo? saviour of shook 
waves at various angle of attaok oon be made, this investigation, it was 
hoped, would furnish scao small insight into this interesting phase of 
super sanies, end perhaps point the way to further study. 
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II. EQUIPMENT AND FROCEDIHE 

Six cone modola woro used for this investigation. The model a 
rare identlo&l, 3/3" in diameter, and had a cone angle of 70°, 

Fa eh nod«l was equipped with a pressure orifice located on the 
oonioal surface at distances from tho nos© which varied from model 
to model. The dimensions of the cone model and the location of 
tho pressure orifices are indicated in Fig. 1. 

The investigation was carried out in tho GAtfIT 2.5" Supersonic 
Find Turrvel, (Cf. Ref. 5 )• Tho model ms mounted on a sting which 
could be moved in elevation through on angle of attack range fro® 

-3° to +1S 0 . Wo asinuthal variation was possible. In order to 
produoe aoh numbers of 1.4S3, 1.544 and 1.857 a flexible nosele with 
adjustable Jacks was used. This noetic is fully described in Eef. 1. 
Steel nettle blocks were available for Mach numbers of 1.584, 1.986 
and 5.01. The notsle shapes for the flexible nocsle were computed by 
Puckett's Method, (Cf. Ref. 4 ), Boundary layer corrections were applied 
using Puckett*# approximate figure. 

In order to calibrate the test section Jtooh number a static pressure 
survey was made along tho nosslo centerline in conjunction with a refer- 
ence static pressure taken at the test section wall. The centerline 
survey was aoceraplished with a a action of T .D. 0.065" tubing fixed by 
means of two rigid supports at either end of the nosele so that movement 
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x xx posslblo in an axial direction only* This tubing was equipped 
with a small static orifice., In order to eliminate th© necessity 
for measuring email changes in lor prooa.ro along the toot eeotion 
oenterline against a relatively high atmospheric pressure, th© o enter- 
line static pressure mo measured against the reference pressure at 
the wall* The reference pressure wui, in turn, measured against 
atmospheric pressure. By mibtraoting the difference in wall and 
centerline proosurea free* the average wall pressure the centerline 
otntio proa sure tras obtained* 

In calibrating the model angle of attack the following procedure 
ms used* Pressure readings were token at three angles of attack 
with the model orifice on the top. Pressure readings at the cone 
three angles of attack were than taken with the orifice on the bottom* 
These pressure readings wore plotted against angle of attack j thus, 
intersection of top and bottom curves gave the zero angle of attack 
position. 

Throughout the tests the relative hmidity of th© tunnel ms kept 
within a range of .02 to *04 peroent by means of a ciliea-gol dryer 
in the tumel circuit* 

After calibration of the morale and angle of attack, photographs 
of the flow around the model were token by means of sc Micron apparatus 
with tli® node! at angles of attack varying f rcra 0° to 13° in 3° incre- 
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Finally, a pressure survey at the cone surface was made at a 
Mach number of 1*534 for angles of attack of 0° and 12°, (Cf. Fig. 
£7v* 

The dimensionless shock wave patterns wore obtained by the 
following procedure. The negatives of the flew photographs were 
projected on graph paper by noons of a photographio enlarger. The 
enlarger was adjusted so that the diameter of the model was equal 
to a Y/d cf one on the selooied scale, and the shook wave pattern 
was traced. This sane procedure was followed in tracing all shock 
wave patterns. In order to minimise the error in the relative dis- 
placement of the shocks from the model from oao ar^le of attack to 
the nort, all shock patterns for each particular Mach msaber were 
traced on the seme sheet of graph paper. This procedure was also 
followed for each particular angle of attack and varying Mach number. 
The final diawns ianlees plots were obtained directly from these 
tracings* it was hoped, by this means, to minimise, in so for as was 
possible, the errors which ere inevitable in transcribing such curves 
to dimensionless coordinates. 
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III. RESULTS AND DISCISSION 

Ths roeults of this investigation ere proa anted in three forms. 

The shook wtvo patterns ore plotted first with Slach number constant 
and angle of attack varying, (Cf. Pigs. S to 14). Secondly, they 
are plotted with angle of attack constant and 'tech nnbers varying, 

(Cf. Pigs. 15 to 25 ), The above plots ore relative to the con© axis 
rather than to the flcrar direction. Thirdly, the Mooh number (U s ) 
directly behind the shook is tabulated for each “laeh number and 
angle of attack, (Cf. Tables I to VI J. This tabulation is carried 
out only for the subsonic portion of the flow. In addition to the 
above tabulation, the point at which the Sfaoh number behind the shock 
becomes sonic and the position of the normal shook are indicated on 
the shook nave plots. For Mach numbers of 1.057 and 1.986 the sonic 
points have not been indicated, to avoid confusion. These points are, 
however, indicated on the cross-plots of constant angle of attack. 

A pressure survey on the surface of the cone at a Iteoh number 
of 1.584 was taken at 0° and 12° angles of attack for both upper and > 

lower surfaces of the cone, (Cf. Pig. 27 ). 

Symbols wood in graphical and tabular presentation of the data 
are defined in Pig. 2. 

The shook wave patterns were plotted in dimension! eeo fora using 
the diameter of the cone as the character is tie dimension. Special care 
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was taken In obtaining the shape of the shook wave patterns near the 
nose of the con© since it woo found that scene of the shocks crossed 
in this region* 

The shook wave patterns for constant Mach numbor shew that oloso 
to the nose of the oono, the spread of the shocks is rather irregular 
with some crossing ever others In an unpredictable manner | the spread, 
however, becomes regular with angle of attack as the distance from 
the nose along the shook increases* This is particularly truo of the 
lower portions of the shook waves* As the angle of attack increases, 
the slacks associated with the upper surface of the cone tend to 
become straight and to as stare the characteristics of an attached shook. 
Conversely, the lower portion of these shocks become more curved and 
thus more nearly assure detached characteristics • This is more clearly 
brought out by the Mach number survey directly behind the shook* 

The variations in the chock wave pattern due to changing Hash 
number are plotted for each angle of attack, and are essentially a 
cross-plot of the previously discussed curves. These plots clearly 
show that, while the lower portions of the shocks gradually assume 
the curved configuration associated with detached shocks as the angle 
of attaok increase*, those shocks which were initially physically 
attached to the nose of the oono apparently remain attached for the 
angles of attaok investigated. Conversely, shocks initially physioally 
detached remain datachod. 



The Mach number directly behind the shock at each point under 
consideration was calculated by manuring the slope of the shook at 
that point relative to the flow direction. Two-dimensional oblique 
slock theory then gave the Kaoh nuaber behind the shock* (Cf . Tablec 
i to 7i 

At an angle of attack of 0°, the subsonio region behind the 
•hook is symmetrical with respect to the oono axis. As the angle of 
attack increases for each Mach number, the extent of the subsonio 
region increases behind the lower portion of the shook and decroaoos 
behind the upper portion. The rate of decrease, harcver, is consider- 
ably faster than the rate of increase. The overall effect is to 
dooroaso tlx? total extent of the subsonio region as the angle of attack 
is increased. This effect is naro pronounced for the lower Mach 
ninbors. As the Koch nuaber increases at each angle of attack the 
extent of the subsonio cone doorcases in both the laror and upper 
portions of the flow. 

If the assumption is made that the cone upper end Icvfer surfaces 
can be a one i derod separately and that the angle between the flow 
direction and the oono surface can be considered as the half -vertex 
angle of a fictitious cone, some oeaporleoa oan bo made with the 
Teylor-iSaoooll theory for oonioal shocks, (Cf, Ref. 6y« Fig. 20 was 
prepared to illustrate the m&xlmus flow deflection for a given initial 
Maoh number using this theory. Table 71 1 indicates the condition of 
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shook for each Mach maker for both upper end lower shocks. 

Fir it consider ing the lower shocks at ecro angle of attack, 
the si'-ock has detached characteristics until a SJach number between 
1.534 and 1.857 is reached, wharo it assumes attached characteristics. 
This is in agreement with the Taylor-ifecooll theory. The results 
also agree for 5°. At an angle of attack of 6°, which corresponds 
to a fictitious cone with a half-vertex angle of 41°, the Taylor- 
Uacooll theory gives the min liana liach msaber for an attached shock 
as E.03. The experimental results indicate that for an angle of 
attack of C° the flow field behind the lower shook has a subsonic 
region fen* Inch numbers to 1.857. The lower shook for a Itch number 
of 1.936, however, does not have a subsonic region and thus has 
attached characteristics. The subsonic region far a iiich number of 
1.986 does not appear until an angle of attack of 9° is reaohed. 

These subsonic regions behind the lower shock increase with increas- 
ing angle of attack. For a Kaoh mmker of 3.01, the conical shook 
theory predicts that shock detaehnent will occur at a half -vertex 
angle of something loo a than 50°, corresponding to an angle of attack 
of less than 15°. However, experimental results Indicate that at 
an angle of attack of 15° the shock still has attached characteristics* 
no subsonic tone is present. 

The upper portion of the shook can be considered in the com 
manner. In this case the fictitious half -vertex angle con be considered 



as decreasing as the angle of attack increases. The conical shook 
theory predicts that at an angle of attack of approximately 6° corres- 
ponding to a he. If -vortex angle of £3°, the shook will hoc era© attached 
far the :toch nuabers investigated. The experimental results indicate 
that, for the angles of attack Investigated, If a subsonic cone initially 
exists it does not irholly disappear. 

It t her of ore is apparent that interaction dooe exist between the 
upper and lower portions of the shock wave In conical flow at angles of 
attack. This interaction inhibits or delays the disappearance of the 
subsonic region behind the upper chock and delays the appoaronco of the 
subsonic region behind tho lower shock as angle of attack is inoreasod. 
Stated differently, tide interaction decreases the ability of the shock 
to defleot tiie flow in the upper portion of the shook and increases this 
cone ability in the loser, as compared to that predicted by the Taylor- 
.tnocoll theory. 

The cone surface pressure measurements at a Li&oh number of 1.534 
were reduo od to the non -d linen s iona 1 fora p^/ p 0 1 , where p 0 * is the reser- 
voir pressure behind the normal shock. The plot of these measurements 
ore included to indicate tho variation of the cone surface pressure at 
angles of attack of 0° and 12°, (Cf. Pig. 27 J. 
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IV. C07EIAE30® 

The results of this investigation indicate that at angles of r-ttnok 
there Is interaction between tho upper and lower portions of the shock. 
This interaction tends to delay the appearance of a cubs onto region 
behind the lower portion of the shock and to delay the dis&ppearano© of 
the ouasonio region behind the upper portion of the shook. Tho delay 
in the disappearance is greater than the delay in the appearance. 

It is also indicated that the extent of tho total subsonic region 
is reduced as the angle of attack is increased for thooe Jfeoh nuabers 
which initially produce detached shook* • 

Finally, it appears that if the shook is initially attached to 
the cone it rare ins attached even though nixed flow appears behind the 
shook, for the range of angles of attack tested. 
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TABLE III (oantiawodj 
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BUilE IV 
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£\BXE IV (oaatixmodj 
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S&BU5 V 
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Fig. 28 
M = 1.544 
a = 0° 




Fig. 29 
M = 1.544 
a = 15° 
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Fig. 30 
M = 1.584 
a = 0° 




Fig. 31 
M = 1.584 
a = 15° 
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Fig. 32 
M = 1.857 
a = 0° 




Fig. 33 
M = 1.857 
a = 15° 
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